Abstract: Atlantic salmon (Salmo salar) presmolts, smolts, and postsmolts compensate for a respiratory acidosis associated with 96 h of exposure to hyperoxia (100% O 2 ; hO 2 ), hypercapnia (2% CO 2 and 98% air; hCO 2 ), and combined hO 2 /hCO 2 in freshwater (FW) by increasing strong ion difference, predominantly through a reduction in plasma [Cl -] (presumably via branchial Cl -/HCO 3 -exchange). In smolts, compensation during hO 2 or hCO 2 occurred within 24 h, whereas that in combined hO 2 /hCO 2 was much slower, resulting in 33% mortality by 96 h. FW hO 2 and combined hO 2 /hCO 2 appeared to impair gill function, likely through oxidative cell damage. This resulted in reduced hypoosmoregulatory ability following subsequent transfer to seawater (SW), as indicated by changes in plasma ion levels, osmolality, and muscle water content, resulting in considerable mortalities. Interestingly, FW hCO 2 appeared to enhance hypoosmoregulatory ability during subsequent SW transfer. Smolts are often transported from FW to a subsequent SW release site, and these data indicate that care should be taken to minimize the degree of hyperoxia experienced by the smolts. Hypercapnia, which results from metabolic CO 2 production and inadequate water aeration, does not impair SW transfer, provided it does not occur in conjunction with hyperoxia.
Introduction
Fish are often transported in high densities, necessitating the use of supplemental oxygenation. Due to metabolic production, CO 2 accumulation during transport is also a concern. Depending upon the relative rates of water oxygenation and fish metabolism, the water may become hyperoxic (O 2 levels above ambient), hypercapnic (CO 2 levels above ambient), or both hyperoxic and hypercapnic (Steffensen and Lomholt 1988) . While the consequences of short-term exposure to hyperoxia and hypercapnia are known in some fish (see review by Heisler 1993) , little is known of the effect of these treatments in salmon smolts and on ion regulation following subsequent seawater (SW) transfer (Brauner 1999) . This is of interest because smolts may be exposed to hyperoxia and (or) hypercapnia in freshwater (FW) during transport from a hatchery to a SW release site, which may affect SW adaptability as described below.
Exposure to hyperoxia or hypercapnia elevates the partial pressure of CO 2 in the blood (PCO 2 ), resulting in a respiratory acidosis (e.g., Hôbe et al. 1984; Larsen and Jensen 1997; Bernier and Randall 1998) . The respiratory acidosis is compensated within 24-96 h, predominantly through an increase in plasma HCO 3 -and associated reduction in plasma [Cl - ] (Wood and Jackson 1980; Wheatly et al. 1984; Larsen and Jensen 1997) . The compensation is correlated with ultrastructural changes at the gills, specifically a reduction in the surface area of chloride cells exposed to the water (Perry and Laurent 1993; Goss et al. 1995) . The reduction in chloride cell fractional surface area has been hypothesized to reduce the number of Cl -/HCO 3 -exchangers exposed to the water, lowering the rate of Cl -uptake and HCO 3 -excretion, leading to the elevation in plasma HCO 3 -and correction of the acidosis.
In FW, fish are hyperosmotic relative to their environment, whereas they are hypoosmotic in SW. Thus, transfer from FW to SW requires a complete reversal in osmoregulatory strategy to maintain blood ion levels constant. Smolts become preadapted for SW while living in FW (McCormick and Saunders 1987) and are capable of a rapid and efficient reorganization of gill functions upon entry into brackish water or SW, resulting in only minor disturbances in plasma ion levels. In SW, the chloride cell is the predominant site for NaCl excretion (Foskett and Scheffey 1982) . Thus, ultrastructural changes in the gills (such as a reduction in chloride cell surface area) associated with compensation for a respiratory acidosis following exposure to hyperoxia or hypercapnia in FW may affect the ability to hypoosomoregulate following SW transfer.
Furthermore, exposure to hyperoxia in itself may result in gill oxidative cell damage, subsequently affecting the osmoregulatory ability of the fish. The effect of oxidative cell damage in respiratory surfaces is best understood in mammals. In rats forced to breathe pure O 2 , there is a rapid loss of pulmonary function associated with endothelial damage (Turrens et al. 1982) . This is prevented in animals with high levels of superoxide dismutase (McLennan and Autor 1982) . In rainbow trout (Oncorhynchus mykiss) exposed to hyperoxia (200% atmospheric O 2 levels) for as short as 6 h, there was a significant increase in DNA single strand breaks indicative of gill cell damage (Liepelt et al. 1995) . In coho salmon (Oncorhynchus kisutch) smolts, exposure to hyperoxia in FW for as little as 6 h impaired hypoosmoregulatory ability following SW transfer (Brauner 1999) . It is not known, however, whether this impairment was a result of disrupted gill cell function, due to oxidative cell damage, or a result of ultrastructural changes in the gills associated with compensation for the respiratory acidosis.
In this study, we investigated the effects of exposure to hyperoxia, hypercapnia, or combined hyperoxia and hypercapnia in FW on plasma ion balance and stress indicators (plasma cortisol and glucose) and the influences of these exposures on subsequent hypoosmoregulatory ability following SW transfer in Atlantic salmon (Salmo salar) smolts. Because smolts are very sensitive to stress (Carey and McCormick 1998) , presmolts and postsmolts were also included in the study to account for any smolt-specific stress responses.
Materials and methods

Animal acquisition and holding facilities
Atlantic salmon parr (more than 13 cm length) were obtained in February 1997 from Foslaks Hatchery (Randers, Denmark). The fish were 1-year-old first-generation hatchery fish from the Irish Burrishoole River stock that had been hatched and reared under a simulated natural photoperiod. Fish were transported to Odense University and kept in a circular, well-aerated 500-L outdoor tank supplied with flowing, air-saturated Odense city tap water (1.4 mM Cl -, 1.5 mM SO 4 2-, 1.5 mM Na + , 0.16 mM K + , 3 mM Ca 2+ , 0.6 mM Mg 2+ , pH = 8.3, total CO 2 content of 5.5 mM, PCO 2 = 0.6 mmHg, and PO 2 = 150 mmHg (1 mmHg = 133.322 Pa)). Fish were fed 2% of their body body weight three times a week with commercial trout pellets, and feeding was withheld 4 days prior to experimentation. Presmolts (23.9 ± 0.5 g) were maintained in the laboratory for 4 weeks, smolts (23.6 ± 0.4 g) for 10 weeks, and postsmolts (57.2 ± 3.5 g) for 4 weeks prior to experiments. Na + ,K + -ATPase activity was monitored weekly to determine "optimal smolt status," at which time the studies on smolts were conducted. Lowry et al. (1951) , also using a plate reader.
Experimental protocol
Twenty four fish were placed in each experimental tank containing 30 L of FW at 10°C that was bubbled with either air (control), 100% O 2 (hyperoxia; hO 2 ), 2% CO 2 and 98% air (hypercapnia; hCO 2 ), or 2% CO 2 and 98% O 2 (combined hyperoxic hypercapnia; hO 2 /hCO 2 ). Gas compositions were achieved using Wösthoff (Bochum, Germany) gas mixing pumps, and tanks were covered with a floating styrofoam lid to minimize gas loss and visual disturbance to the fish. Measured O 2 and CO 2 levels in the different treatments were control: PO 2 = 152 ± 6 mmHg, PCO 2 = 2.2 ± 0.4 mmHg; hO 2 : PO 2 = 618 ± 18 mmHg, PCO 2 = 2.2 ± 0.4 mmHg; hCO 2 : PO 2 = 143 ± 4 mmHg, PCO 2 = 13.7 ± 1.2 mmHg; combined hO 2 /hCO 2 : PO 2 = 597 ± 20 mmHg, PCO 2 = 14.6 ± 1.3 mmHg. Twice daily, 50% of the tank volume was slowly removed by siphon (over 30 min) and slowly replaced with an equal volume of water equilibrated with the respective gases. This procedure was maintained over the duration of FW exposure, which was 4 days in presmolts (Series 1, starting March 21), 1 and 4 days in smolts (Series 2, starting April 27 and Series 3, starting May 5, respectively), and 4 days in postsmolts (Series 4, starting September 12). While this procedure may have caused some disturbance to the fish, great effort was taken to minimize stress to the fish and maintain a constant water gas composition over the duration of FW exposure. At the end of FW exposure, 8-12 fish from each group were sampled and the remaining fish were rapidly transferred by dip net to 35 ppt normoxic SW and left for 24 h, with the exception of the postsmolts, which were not transferred. Following SW exposure, mortality was recorded and the remaining fish were sampled.
Fish were killed by a blow to the head and weight and length were recorded. Blood was drawn from the caudal vein into a heparinized (ammonium heparinate) syringe and then the fish was decapitated. Blood was used to measure haemoglobin concentration ([Hb] ) and haematocrit (Hct) and to calculate mean cell Hb concentration (MCHC). Haematocrit was determined in duplicate on blood collected in microhaematocrit tubes following centrifugation at 15000 × g for 2 min. Blood [Hb] was determined spectrophotometrically following conversion to cyanomethaemoglobin, applying a millimolar extinction coefficient of 11.0 at 540 nm (Zijlstra et al. 1983) , and MCHC was determined from [Hb]/Hct.
Remaining blood was spun down (5000 × g for 3 min) and plasma was removed and stored at -80°C for future measurement of plasma osmolality and ions (Cl -, Na + , K + ), lactate, cortisol, and glucose. Measurements of plasma osmolality were made using cryoscopic osmometry (Gonotec Osmomat 030), plasma [ A dorsal piece of muscle just posterior to the dorsal fin, approximately 0.5-1.0 g, was removed and weighed for determination of muscle water content, which was determined as percent weight loss after 3 days at 105°C.
Strong ion difference (SID) was calculated by the equation
Statistical analyses
Data were analyzed by a one-way analysis of variance (ANOVA), and differences among means were determined by a Student-Newman-Keuls test using a significance level of P £ 0.05. When required, data were transformed to satisfy the parametric ANOVA assumption of homogeneity of variances. All means are reported ±1 SE of the mean.
Results
Mortalities
There were no mortalities in any of the treatments prior to SW transfer, with the exception of 4-day-exposed smolts (Series 3) where 30% of the fish died during exposure to combined hO 2 /hCO 2 ( Fig. 1) . Following SW transfer, there were no mortalities in presmolts (Series 1); however, smolts exhibited considerable mortality following hO 2 exposure (8% in Series 2 and 50% in Series 3) and combined hO 2 / hCO 2 exposure (33% in Series 2 and 78% in Series 3). It should also be noted that control fish in Series 3 exhibited 17% mortality following SW transfer.
Plasma ion levels
In FW, there was a significant reduction in plasma [Cl -] relative to controls during exposure to hO 2 , hCO 2 and hO 2 / hCO 2 in all series (Fig. 2) , and the reduction tended to be largest in combined hO 2 /hCO 2 . Plasma [Na + ] was significantly reduced in the combined hO 2 /hCO 2 in Series 1, 2, and 3 (Fig. 3 ) and in hO 2 in Series 1 and 3 (Fig. 3 ). There was a significant increase in plasma [Na + ] associated with hCO 2 in smolts (Series 2) and postsmolts (Series 4). Osmolality was significantly reduced in combined hO 2 /hCO 2 in Series 1, 2, and 3 and during hO 2 exposure in Series 1 and 3 (Fig. 4) . All treatments tended to elevate plasma [K + ] levels relative to controls (Table 1) ; however, there was only a significant effect of combined hO 2 /hCO 2 in 1-day-exposed smolts (Series 2).
Following SW transfer, there were no significant differences in plasma [Cl -], [Na + ], or osmolarity in Series 2 and 3. In Series 1, there was a significant reduction in plasma [Cl -] associated with prior hCO 2 exposure (Fig. 2) and a significant increase in plasma [Na + ] associated with prior hO 2 exposure (Fig. 3) . Plasma osmolality was significantly reduced in fish that had been exposed to hCO 2 relative to hO 2 (Fig. 4) .
SID
In FW, there was a significant increase in SID associated with all treatments in all series (Fig. 5) , and the increase was greater in hCO 2 and combined hO 2 /hCO 2 than in hO 2 (except in Series 2). Following SW transfer, there were no significant effects of the treatments on SID. It should be noted that plasma K + levels were not included in the calculation of SID for postsmolts, which will underestimate SID by 4-6 mM relative to the other series.
Muscle water
In FW, there was a significant elevation in muscle water content during exposure to hO 2 and combined hO 2 /hCO 2 in 4-day-exposed smolts (Series 3) (Fig. 6 ) but no significant effects in the remaining treatments. Following SW transfer, there was a significant reduction in muscle water content in hO 2 -exposed fish (Series 1) and a significant increase in hCO 2 -exposed fish (Series 1 and 2).
Plasma lactate
In FW, all treatments tended to reduce plasma lactate levels. There was a significant reduction in plasma lactate levels in the hO 2 treatment in Series 1, in the hCO 2 treatment in Series 1 and 3, and in the combined hO 2 /hCO 2 treatment in Series 1 and 4 (Table 1) . Following SW transfer, there were no significant effects of any of the FW treatments on plasma lactate levels.
Plasma cortisol and glucose levels
In FW, there were no significant differences in cortisol levels relative to controls in any of the series (Table 1) . Plasma glucose levels were significantly elevated in the hO 2 treatment (Series 1 and 4) and significantly reduced in the hCO 2 treatment (Series 2 and 4). Following SW transfer, there was a significant increase in plasma cortisol in the hO 2 and combined hO 2 /hCO 2 groups (Series 1) and a significant increase in plasma glucose (Series 1 and 3) . Although the sampling method used in this study undoubtedly elevated cortisol levels above resting values, fish in the different treatments were handled similarly, and thus, differences reflect treatment effects and are likely indicative of relative degrees of stress.
Haematological characteristics
In FW, there was a significant increase in Hct relative to controls in hO 2 (Series 1), hCO 2 (Series 1 and 3), and combined hO 2 /hCO 2 (Series 2 and 3) ( Table 2 ). There was a significant reduction in MCHC relative to controls in combined hO 2 /hCO 2 in Series 2; however, a trend was apparent in most series (Table 2) . Plasma protein levels increased significantly during exposure to hO 2 in Series 1, hCO 2 in Series 3 and 4, and combined hO 2 /hCO 2 in Series 3 (Table 2 ). Plasma protein levels decreased, however, during exposure to hO 2 in Series 3 and 4.
Following SW transfer, there was a significant reduction in Hct associated with hCO 2 in Series 1 and 3 and with combined hO 2 /hCO 2 in Series 1. A significant reduction in MCHC was observed in the combined hO 2 /hCO 2 of Series 1. Plasma protein levels did not differ significantly from controls in any series. in Atlantic salmon exposed to either control, hyperoxic (hO 2 ), hypercapnic (hCO 2 ), or hyperoxic plus hypercapnic (hO 2 /hCO 2 ) conditions in FW (open bars) and after 24 h in SW (solid bars). (a) Presmolts were exposed to the FW treatments for 4 days (Series 1), (b) smolts were exposed for 1 day (Series 2), (c) smolts were exposed for 4 days (Series 3), and (d) postsmolts were exposed for 4 days (Series 4). Significant differences are indicated by unshared letters within FW (a-d) or following transfer to SW (e-g); n = 12 unless otherwise indicated in parentheses above or within the bars. See the legend to Fig. 1 for further information.
Discussion
In this study, Atlantic salmon presmolts, smolts, and postsmolts appear to compensate for the respiratory acidosis associated with hO 2 and (or) hCO 2 in FW by increasing SID, predominantly by reducing plasma [Cl -] . Complete compensation did not occur in the combined hO 2 /hCO 2 treatment and resulted in high mortality in FW and following subsequent SW transfer. The hO 2 exposure in FW appeared to impair gill function, possibly through oxidative gill cell damage, resulting in impaired hypoosmoregulatory ability following subsequent SW transfer. Interestingly, hCO 2 exposure (in the absence of hO 2 ) in FW appeared to enhance hypoosmoregulatory ability during subsequent SW exposure.
Compensation for hO 2 and hCO 2 in FW
In general, exposure to hO 2 , hCO 2 , and combined hO 2 / hCO 2 in FW in rainbow trout results in a respiratory acidosis that is compensated for by accumulation of HCO 3 -in the blood in exchange for Cl - (Wood and Jackson 1980; Wheatly et al. 1984; Larsen and Jensen 1997) . Although blood CO 2 levels were not measured in this study, changes in plasma HCO 3 -levels can be inferred from changes in SID (Truchot 1987) . In presmolts, smolts, and postsmolts, there was a large increase in SID (and therefore HCO 3 -) that concurred with a fall in plasma [Cl - ] and only minor changes in plasma [Na + ] . This is consistent with the findings of a primarily Cl --mediated correction of a respiratory acidosis in fish (Toews et al. 1983; Wheatly et al. 1984; Jensen and Weber 1985) ; however, this has not previously been examined in Atlantic salmon.
The relative rates of compensation for the induced respiratory acidosis can be estimated in smolts by examining the difference in SID between the 1-and 4-day-exposed fish. Assuming that the SID values determined following 4 days of exposure to hO 2 and (or) hCO 2 approach complete com- pensation, smolts have compensated for 92% of the acidosis following 24 h of exposure to hO 2 , 87% in hCO 2 , but only 64% in the combined hO 2 /hCO 2 group. Furthermore, it is likely that complete compensation does not occur in combined hO 2 /hCO 2 because 33% of smolts died after 4 days of continuous exposure, indicating that this treatment is a severe challenge for smolts. In presmolts and postsmolts exposed to combined hO 2 /hCO 2 , no mortalities were observed, and the changes in SID appeared more complete, indicating that smolts are more sensitive to this treatment.
When Na + /H + exchange is involved in acid-base compensation during a respiratory acidosis, plasma [Na + ] increases , as observed in smolts exposed to hCO 2 for 1 day (Series 2). Often, however, no changes in plasma [Na + ] are observed (Larsen and Jensen 1997) . In this study, there was a significant reduction in plasma [Na + ] associated with hO 2 exposure (hO 2 and combined hO 2 /hCO 2 ) in presmolts and smolts (Series 1, 2, and 3), which is clearly maladaptive during compensation for an acidosis and may indicate an overall impaired gill function due to some direct effect of hO 2 . Indicators of oxidative cell damage were not measured in this study, but Liepelt et al. (1995) measured an increase in DNA single-strand breakage (indicative of gill cell damage) in rainbow trout following 6 h of exposure to 200% of atmospheric PO 2 . A reduction in plasma [Na + ] was not observed in adult rainbow trout exposed for 72 h to similar levels of hO 2 used in the present study , indicating that presmolts and smolts may be more sensitive to hO 2 -induced oxidative cell damage than adults.
Fluid shifts associated with hO 2 and hCO 2 in FW
In the treatments where there was a reduction in plasma [Na + ], presumably due to gill cell damage, there was also a reduction in osmolality. The reduction in plasma [Na + ] and osmolality was greatest in the combined hO 2 /hCO 2 exposure of Series 3 where there was a 25% increase in Hct, a 43% Note: Series 1 refers to presmolts exposed for 4 days to normoxia, hyperoxia (hO 2 ), hypercapnia (hCO 2 ), and combined hyperoxia and hypercapnia (hO 2 /hCO 2 ) while in FW (upper four treatments) or following transfer to normoxic SW (bottom four treatments). Series 2 and 3 refer to the same exposure treatments in smolts exposed to FW treatments for 1 and 4 days, respectively. Series 4 refers to postsmolts exposed to FW treatments for 4 days. The first row for each treatment is the mean value of the respective parameter, the second row is the SE of the mean, and the third is n. Significant differences are indicated by unshared letters within FW (a-c) or following transfer to SW (e-f). increase in plasma protein concentration, and an increase in muscle water content. While some of the elevation in Hct is associated with red cell swelling (indicated by a reduction in MCHC), likely mediated by circulating catecholamines released under stress (Nikinmaa 1990) , the increase in plasma protein concentration indicates that there has been a contraction of blood volume, possibly due to fluid shifts into the muscle. Thus, the basis for the 33% mortality observed in the combined hO 2 /hCO 2 group of Series 3 may have been cardiovascular in origin. hO 2 has been demonstrated to induce branchial vasoconstriction (Wood and Jackson 1980) , which, coupled with a reduction in blood volume and an increase in blood viscosity, may have severely compromised blood flow. Impairment of ionoregulation ultimately leading to cardiovascular collapse and death has also been reported during exposure to acid waters (Milligan and Wood 1982) and metals such as silver (Wood et al. 1996) . It is interesting, however, that plasma lactate levels were consistently lower in all treatments relative to controls, indicating that aerobic metabolism was not impaired by any compromise in blood flow; however, tissue lactate levels were not measured in this study.
Effects of hO 2 and hCO 2 in FW on SW transfer
Smolts used in this study were sampled at the peak of their smolt status based upon gill Na + ,K + -ATPase activity measured in the same population of Atlantic salmon (M. Seidelin et al., unpublished data) . Plasma [Na + ] in the control groups of smolts (Series 2 and 3) transferred to SW for 24 h were about 165 mM, which is the threshold for successful smolting defined by Blackburn and Clarke (1987) based upon subsequent survival and growth following SW exposure. Thus, transfer to 35 ppt SW was a challenge for the smolts (which may have been influenced to some degree by confinement stress during FW exposure) and resulted in 17% mortality after 24 h of SW exposure in control smolts ) and after 24 h in SW (solid bars) in (a) presmolts exposed for 4 days (Series 1), (b) smolts exposed for 1 day (Series 2), (c) smolts exposed for 4 days (Series 3), and (d) postsmolts exposed for 4 days (Series 4). Plasma K + levels were not included in the calculation of SID for postsmolts, which will underestimate SID by 4-6 mM relative to the other series. See the legend to Fig. 2 for further information.
(Series 3). Small perturbations associated with hO 2 and hCO 2 exposure in FW would be expected to have large consequences for survival following SW transfer. This is reflected in the high mortalities upon SW transfer observed in smolts exposed to hO 2 for 4 days (50 and 78% in the hO 2 and combined hO 2 /hCO 2 treatments, respectively, in Series 3) and smolts exposed to hO 2 for 1 day (8 and 33% in the hO 2 and combined hO 2 /hCO 2 treatments, respectively, in Series 2). The high mortalities following SW transfer are possibly related to gill cell damage incurred during hO 2 exposure in FW (see above), impairing hypoosmoregulatory ability in SW. In presmolts (Series 1) transferred to SW, exposure to hO 2 in FW (hO 2 and combined hO 2 /hCO 2 ) resulted in a significant increase (or trend toward an increase) in plasma [Na + ] and osmolality and a reduction (or a trend toward a reduction) in muscle water content and Hct. Thus, the elevation in plasma osmolality appeared to draw water osmotically from the intracellular compartments, leading to an expansion of blood volume (reduction in Hct), as has been observed in coho salmon that do not successfully transfer to SW (Brauner et al. 1992 (Brauner et al. , 1994 . There was also a significant elevation in plasma glucose and cortisol levels. Thus, prior hO 2 exposure in FW clearly impaired the hypoosmoregulatory ability of presmolts but did not cause mortality. The effect of FW hO 2 on subsequent SW performance in smolts is less clear (although qualitatively similar) due to the high mortality, which selected for smolts with better hypoosmoregulatory ability.
No mortalities were associated with the hCO 2 treatment, indicating that the hO 2 -induced mortality was not simply related to an acid-base disturbance. Interestingly, in Series 3, there were fewer mortalities in the hCO 2 group following SW transfer than in controls, indicating that prior hCO 2 exposure in FW facilitated SW transfer.
Mechanisms of FW hCO 2 facilitation of SW transfer
The apparent facilitation of SW transfer in fish exposed to hCO 2 in FW is an interesting observation. Again, the trends are most clear in the presmolts (Series 1) where FW hCO 2 resulted in a significantly lower plasma [Cl - ] and a significantly higher muscle water content (also observed in Series 2) following SW transfer than in controls. One possible explanation is that all groups have at least partially compensated for the respiratory acidosis associated with FW hO 2 or hCO 2 exposure and therefore have reduced plasma [Cl - ] relative to controls when they enter SW. Thus, a relatively greater increase in plasma [Cl - ] is required in these groups to reach a "critical" [Cl - ] during SW exposure. In hO 2 -exposed fish, this "advantage" may be masked by impaired gill function, but in hCO 2 -exposed fish, it translates into improved performance, at least in the time frame of this study. Another possibility is that the reduction in gill chloride cell surface area due to pavement cell expansion that occurs during compensation for a respiratory acidosis (Goss et al. 1995) reduces gill permeability, which again is masked by impaired gill function associated with hO 2 exposure. Clearly, more research is required to understand this phenomenon.
Acid-base compensation during SW transfer
When euryhaline fish are transferred to SW, they generally experience a temporary metabolic acidosis due to larger increases in plasma [Cl - ] than in [Na + ], leading to a drop in SID and thus plasma [HCO 3 -] (Maxime et al. 1991; Madsen et al. 1996) . Control smolts (Series 2 and 3) experienced no SW-associated decrease in SID, while in presmolts, the reduction in SID was about 70%. Stagg et al. (1989) demonstrated that 2+ Atlantic smolts exhibited no difference in arterial pH from FW values following 24 h in SW (31 ppt). These data indicate that the ability to regulate hydromineral balance may also permit the smolt to avoid acid-base disturbances during SW exposure.
Implications for aquaculture
When fish are transported using supplemental oxygenation, care should be taken to reduce the degree of hO 2 to which fish are exposed in order to minimize stress and potential gill damage. This is especially true if hO 2 concurs with hCO 2 , which develops when metabolic CO 2 accumulates due to insufficient water oxygenation to "blow off" CO 2 . Smolts appear to be more sensitive to hO 2 and combined hO 2 /hCO 2 than presmolts and postsmolts. Thus, when smolts are being transported from FW to a subsequent SW release site, a recovery period in normoxic FW prior to SW transfer may help to reduce stress and mortalities. 
